The Qnr proteins belong to the pentapeptide repeat protein family. Despite each pentapeptide repeat unit being an important structural determinant, accurately determining pentapeptide repeat units in the Qnr proteins through sequence-based alignments has been challenging. In the present study, the pentapeptide repeat units of the nine representative Qnr proteins have been precisely determined via the structure-based alignment approach using homology modeling and superposition of their best models.
The plasmid-mediated quinolone resistance gene, qnr (later renamed qnrA1), was first described from a ciprofloxacinresistant strain of Klebsiella pneumoniae in 1998 (13, 21) . Many additional qnr genes, such as qnrS1, qnrB1, qnrC, and qnrD, have since been discovered from plasmids or the bacterial chromosome (5, 7, 9, 10, 25) . With the recently discovered qnrAS (20) , qnrSM (19) , qnrVP (15) , and qnrVV (15) , the Qnr proteins currently comprise nine families, QnrA, QnrS, QnrB, QnrC, QnrD, QnrAS, QnrSM, QnrVP, and QnrVV, which differ from each other in amino acid sequence by 30% or more. QnrA1, QnrS1, QnrB1, QnrC, QnrD, QnrAS, QnrSM, QnrVP, and QnrVV are the representative alleles of each Qnr family. These Qnr proteins belong to the pentapeptide repeat protein (PRP) family, and they protect DNA gyrase and topoisomerase IV from quinolone attack (19, 21, 22) . The tandem pentapeptide repeat units (PRUs), which were detected in the mycobacterial quinolone resistance protein MtMfpA and the Qnr homolog protein (EfsQnr) from Enterococcus faecalis V583, fold as a right-handed quadrilateral ␤-helix with shape and charge properties reminiscent of B-form DNA (8, 24) . These data suggest that the Qnr proteins may form a structure similar to that of the EfsQnr or MtMfpA and that they may affect quinolone susceptibility. In fact, the pentapeptide repeats of QnrB1 (Protein Data Bank identification number [PDB ID], 2xtwB) and Aeromonas hydrophila Qnr (AhQnr) (PDB ID, 3pssB) (26) fold as the ␤-helix similarly to EfsQnr and MtMfpA, with some deviations described in detail below. However, there have been several misleading descriptions when PRUs of the Qnr proteins have been determined by sequence-based alignment. First, via a sequence-based alignment approach, Arsène and Leclercq (2) described that EfsQnr was organized in 42 PRUs that formed two distinct domains of 9 and 33 pentapeptides each, separated by a single asparagine. However, Hegde et al. (8) reported that the structure of EfsQnr had 34 tandemly repeated pentapeptides, not separated by any amino acid residue. Second, Rodríguez-Martínez et al. (17) and Wang et al. (25) described that QnrA1 (QnrB1 or QnrS1) and QnrC contained two domains, which have 11 and 32 tandem PRUs, respectively, in QnrA1 and -9 and 29 tandem units, respectively, in QnrC, connected by a single glycine (17, 25) . In addition, QnrD consists of 40 PRUs, separated by a glycine and four parts composed of fewer than four amino acids (5) . In contrast, our structural analysis (described in detail below) of QnrB1 (searched in the Protein Data Bank [http://www.rcsb.org/pdb/home/home.do]) revealed that this protein was composed of 36 PRUs, not separated by an asparagine (or glycine). Third, this structural analysis also found that only QnrB1 contained two random coils, named intrachain extensions, that are not part of the ␤-helical fold and not predicted by the sequence-based alignment. Here, we focus on determining PRUs of nine representative Qnr proteins (QnrA1, QnrS1, QnrB1, QnrC, QnrD, QnrAS, QnrSM, QnrVP, and QnrVV) by structure-based alignment.
To achieve this goal, the crystal structures (or structure models) of nine Qnr proteins had to be generated. Among the Qnr (or Qnr-like) proteins and other PRPs with known threedimensional (3D) structures, the QnrB1 (2xtwB) of Klebsiella pneumoniae 17 showed the highest sequence identities with the nine Qnr proteins compared to other templates, such as MtMfpA (PDB ID, 2bm5B), EfsQnr (PDB ID, 2w7zB), AhQnr (PDB ID, 3pssB) from Aeromonas hydrophila ATCC 7966, Np275/276 (PDB ID, 2j8kA) from Nostoc punctiforme ATCC 29133, HetL (PDB ID, 3du1X) from cyanobacterium Nostoc sp. PCC 7120, SopA (PDB ID, 2qyuA) from Salmonella enterica serovar Typhimurium, and Rfr23 (PDB ID, 2o6wA) from Cyanothece sp. PCC 51142. QnrB1 showed 42% amino acid identity to QnrA1 (GenBank accession no. AAL60061), 40% identity to QnrS1 (BAD88776), 43% identity to QnrC (ACK75961), 64% identity to QnrD (ACG70184), 40% identity to QnrAS (CAQ79275), 60% identity to QnrSM (ACG60498), 43% identity to QnrVP (15) , and 41% identity to QnrVV (15) . This level of sequence identity is considered sufficient to use the crystallographic structure of QnrB1 as a template for determining structural models of the nine Qnr proteins by homology modeling (4, 11) . Thus, 3D modeling of the nine Qnr proteins was performed by an automated homology modeling approach using QnrB1 (2xtwB) as a template in SWISS-MODEL (1) and MODELLER (18) programs. The predicted Qnr models (QnrA1*, QnrS1*, QnrB1*, QnrC*, QnrD*, QnrAS*, QnrSM*, QnrVP*, and QnrVV*) were evaluated in terms of energy and stereochemical profiles using ANOLEA (14) , GROMOS (23), QMEAN (3), DFire (27) , and PROCHECK (Ramachandran plot) (12) programs. A comparison of the results obtained from the two different modeling programs indicated that the models generated by SWISS-MODEL are more acceptable than those by MODELLER (data not shown). The energy and stereochemical profiles of the nine Qnr models generated by SWISS-MODEL were similar to those of the crystal structure of the template (QnrB1) ( Table 1) . Hence, the nine Qnr models, validated by the energy and stereochemical profiles, can serve as starting points for our next phase of structure-based alignment necessary for determining PRUs of the nine Qnr proteins.
To perform the structure-based alignment of the nine Qnr models and four crystal structures (QnrB1, AhQnr, EfsQnr, and MtMfpA), 13 3D structures were superposed by the Coot program (6) . The PRUs of all 13 proteins fold as a righthanded quadrilateral ␤-helix as in other PRPs (Fig. 1) . The root mean square deviation (RMSD) of the C␣ trace between the nine Qnr models and the template (QnrB1) was less than 0.1 Å, supporting that these generated models are reasonably satisfactory and quite similar to the template. The RMSD of the C␣ trace between EfsQnr (MtMfpA or AhQnr) and QnrB1 was 2.3 (1.9 or 1.0) Å. Despite the overall similarity in the ␤-helical fold, the nine Qnr models, QnrB1, and AhQnr from Gram-negative bacteria have noticeable conformational differences in random coils that are not part of the ␤-helical fold, compared to EfsQnr (or MtMfpA) from Gram-positive bacteria. Figure 1 shows that there exist three unique random coils in the nine Qnr models, QnrB1, AhQnr, and EfsQnr. First, the "N-terminal extension" in EfsQnr extends along the surface groove, making several contacts with the groove. Second, "intrachain extension 1" (IE1) of all proteins except EfsQnr and MtMfpA extends out of the surface of the ␤-helical fold. Third, "intrachain extension 2" (IE2) of all proteins except EfsQnr and MtMfpA extends out of the surface of the ␤-helical fold. Unlike the N-terminal extension in EfsQnr, these two IEs are not interacting with the quadrilateral ␤-helix.
Using the superposition of the 13 structures, the structurebased alignment of the nine Qnr models and four crystal structures was performed (Fig. 2) . Each PRU occupies one face of the right-handed quadrilateral ␤-helix, and each coil consists of four faces (FACE 1 to FACE 4). All 13 proteins have eight complete coils and an incomplete coil (coil 9). All proteins except MtMfpA have an additional incomplete coil (coil 0). All proteins but EfsQnr and MtMfpA have two coils (coils 2 and 4) with two IEs, and only MtMfpA has an N-terminal extension (Fig. 2) . Unlike previous reports (2, 5, 17, 25) , our current study shows that the nine Qnr models, QnrB1 (2xtwB), and AhQnr (3pssB) are composed of 36 PRUs with IEs, not sepa-
Structure-based alignment of QnrA1*, QnrB1*, QnrS1*, QnrC*, QnrD*, QnrAS*, QnrSM*, QnrVP*, QnrVV*, QnrB1, AhQnr, EfsQnr, and MtMfpA. Each pentapeptide unit occupies one face of the right-handed quadrilateral ␤-helix, and each coil consists of four faces (FACE 1, green; FACE 2, cyan; FACE 3, yellow; FACE 4, red). All nine proteins have eight complete coils as well as an incomplete coil (coil 9). All proteins except MtMfpA have an additional incomplete coil (coil 0). All proteins except EfsQnr and MtMfpA have two coils (coil 2 and coil 4) with two intrachain extensions, and only MtMfpA has an N-terminal extension interacting with a groove along the quadrilateral ␤-helix. The C-terminal ␣-helix region is displayed in gray. G (or N) in FACE 2 of coil 2 is shown in a red-outlined box. Fig. 2) . To seek functional insights, the pattern of amino acid conservation was analyzed in the structure-based alignment (Fig.  2) . Eleven Qnr proteins from Gram-negative bacteria show that FACEs 1 and 2 contain a cluster of conserved amino acids (Phe28, Phe43, Cys46, Phe48, Ala67, Phe69, Cys72, Glu88, Cys92, Gly96, Ala117, Asn123, Tyr126, Cys137, Leu139, Asn142, Trp144, Ser157, Asp158, Leu159, Ser160, Phe164, Leu179, and Leu184, according to the QnrA1 protein numbering system). FACEs 1 and 2 make contacts with DNA gyrase on the central DNA-binding cleft (24, 26) . In addition, IE2 is largely composed of conserved residues (Ile[Val]108, Phe114, Cys115, and Ser116, according to the QnrA1 protein numbering system), whereas the composition of IE1 is more variable. IE1 and IE2 of AhQnr are positioned to contact the DNA gyrase on the opposite sides of the central cleft and participate in protection activity of DNA gyrase activity from inhibition by quinolones (26) . IE2 makes the major contribution to the protection process and is likely to be conformationally flexible (26) . Our superposition of the 11 structures from Gram-negative bacteria also shows that slight conformational differences are present in IE2 (Fig. 1) . These results are in line with a previous investigation of QnrA1, QnrS1, and QnrB1, where quinolone susceptibility was affected by mutations in the highly conserved FCSA motif within IE2 (QnrA1 numbering from Phe114) (16, 26) . Therefore, these conserved residues (especially within IE2) may play a common and important role in the quinolone resistance by Qnr proteins in Gram negatives.
In this report, we have determined the exact PRUs of the nine Qnr structure models via a structure-based alignment using homology modeling and superposition. This structurebased alignment may also be used to determine PRUs of other members of the Qnr family because they differ from each other in amino acid sequence by less than 30%.
